Purpose: To assess the utility of HeartSmart ® , a new method that uses empirical physiological formulae to estimate hemodynamic variables, in estimating cardiac index during open heart surgery when compared with the cardiopulmonary bypass machine. Methods: This was a prospective, blinded study of patients undergoing elective cardiac bypass surgery. We monitored and compared the flow rates provided by the cardiopulmonary bypass machine (roller pump) with estimates derived from the empirical physiological formulae embedded in the HeartSmart ® monitor in 32 patients. Cardiac index values were compared at the start of cardiopulmonary bypass, during re-warming, and at the end of cardiopulmonary bypass. Results: A total of 256 paired sets of measurements were suitable for comparison. The mean of the differences or bias (95% limits of agreement) was 0.09 l/min/m 2 and the limits of agreement −0.86 to 1.05 l/min/m 2 . The mean difference of the sets of 256 measurements was 585.5 l/min/m for the pump and 575.0 l/min/m 2 for the empirical physiological formulae-a difference of 5% l/min/m 2 . The range of flow rates for the pump was 1.2 to 2.85 l/min/m 2 ; for the empirical physiological formulae, the range was 1.2 to 3.0 l/min/m 2 . Conclusion: The cardiac index estimates derived from the empirical physiological formulae in the HeartSmart ® software are in good agreement with pump cardiac output rates. These results suggest that HeartSmart ® measurements are sufficiently accurate for assessing hemodynamic variables in many groups of patients.
Introduction
All bedside hemodynamic monitors are compared against pulmonary artery floatation catheter thermodilution, as this is the "standard" monitoring technique. Alternative technologies have as many sources of error as does the thermodilution method [1, 2] . However, the cardiopulmonary bypass machine or pump, which delivers a known amount of hemodiluted blood per revolution, has fewer sources of error than the standard thermodilution method.
Neither the thermodilution method nor the alternative technologies can provide values of cardiac output/index that can be compared simultaneously to the flow rates delivered to the patient by standard roller pump during this phase of corrective cardiac surgery. Additionally, the roller pump flow rates do not vary unless the speed of the rollers is changed, resulting in fluid input changes; in the thermodilution method, however, the cardiac index/output values can change by more than 15% without any change in physiological parameters. The type of cardiopulmonary bypass and cannulae used is determined by the surgeon and depends on the corrective cardiac surgery to be performed.
We present a new, unique method, which uses empirical physiological formulae for estimating the majority of hemodynamic variables as the platform for continuous cardiac dynamic monitoring. This software program, known as HeartSmart ® (Harlow, Essex, UK), has been clinically trialed since 1997 in many different groups of patient [3, 4] . We begin with a description of the cardiovascular physiology underpinning the empirical physiological formulae embedded in HeartSmart ® . Many medical algorithms do not necessarily have a physiological explanation of their conception and/or development, so one biochemical aspect of HeartSmart ® (i.e. the action of the heart rate and its importance in the cardiac index formula) is also described. physiological formulae require the physiological parameters of heart beats per minute (HR), mean central venous pressure (CVP), mean arterial blood pressure (MAP) and temperature of the blood (T) in ˚C. From these parameters, an empirical value of K can be calculated [5] . The K look-up table has been developed using the heuristic empirical research method [6] to derive and compare cardiac index values with those of the thermodilution method. However, if there were data on accurate direct measurements of cardiac index/output, K values could be re-evaluated to those values and would thus be more accurate than those based on estimates of cardiac index/output using the thermodilution method.
Briefly, we explain just one of the biochemical functions in the myofibrils that has a direct effect on cardiovascular physiology in respect to the driving force behind preload (CVP) affecting cardiac index/output, including the determination of the value of K in Figure 1 .
The values of K and its constituent parts can be explained by Starling's Law of the Heart [7, 8] insofar that the contractile stress with respect to each contraction of the myofibrils, and the relationship between the length of the myofibril and the speed of recoil of the myofibrils, are directly related to the power of the contraction of the myofibrils in the cardiac muscle [9] . The Herculean protein, titin, functions as a molecular spring in cardiac muscle, and is responsible for most of the passive tension of myocardium. The titin spring is extended during the diastolic stretch phase, recoils elastically during the systolic phase, and potentially influences the overall shortening behavior of cardiac muscles.
Studies have established that titin: 1) Develops passive force when sarcomeres are stretched [10] [11] [12] .
2) Is important for centering the myosin filaments in the sarcomere during active contraction [13] .
3) Contributes to the muscle's viscous/viscoelastic properties [10, 14] and 4) Is a finely tuned molecular spring that is capable of adjusting its mechanical properties to the particular requirements of the muscle [10, 11, 15] .
There are many other physio-biochemical reactions taking place in the myofibrils of the sarcomeres that affect the contraction of the cardiac muscles in relation to cardiac index/output and other functions that alter cardiac pathophysiology, e.g. in ischemia.
One of the components in K is compliance in the heart and lungs, which is dependent on the function of titin in respect to the speed and force of recoil of the myofibrils. It is this force and power of contraction of cardiac muscle that is directly related to the cardiac output/index of the heart. Starling observed that preload status is a function of volume of blood or venous return back to the heart [7, 8] . The K look-up table covers a wide range of values generated from mean CVP and HR values [3] , and so provides K values even for patients with shock and sepsis [4] . In the K look-up table, K values for HRs of less than 59 beats per minute range from 15 to 40, which tends to give a low cardiac index. In the normal range of heart beats per minute, K values are between 40 and 100 provided that the mean CVP does not exceed 16 mmHg. In patients with a CVP of ≤15 mmHg and with sinus tachycardia, K values are 100. In those patients with sepsis/ shock and a whole range of CVPs, K values can varyespecially at high CVP values-from 50 through to 1000.
Changes in HR, where the bandwidth of CVP remains constant for a single change or multiple changes in HR, will produce a uniform change in stroke volume index (SVi = Ci/HR) [4] . The four constituents involved in regulating cardiac index/output, HR, contraction, preload, and afterload are represented in the K look-up table and in the new empirical physiological formulae for estimating cardiac index/output.
Impedance cardiography using waveform analysis shows that there is a ratio of 1:1 between the area under the diastolic portion of the arterial pulse pressure trace/waveform (the diastolic pressure-time index) to the area under the systolic component of the arterial pulse pressure trace/waveform (the systolic time-tension index): this means the volume of blood is equal in both ventricles and this relationship has been used to predict the relationship of myocardial blood supply to oxygen demand. Following on from this rationale, the right and left ventricular end diastolic volume indexes should be equal, and the right ventricular end diastolic volume index and/or pressure is a more reliable indicator of preload or venous return. However, when assessing hemodynamic status, all the hemodynamic variables should be considered.
Excessive CVPs may contribute to stiffening compliance and low capacitance, leading to low cardiac index and pulmonary edema or other respiratory complications. While pressure is normally proportional to volume, it tends to become disproportional to flow outside of the normal range of mean CVP, mean pulmonary artery, and mean pulmonary artery occlusion (wedge) pressures.
It is known that bradycardia and tachycardia alter the systemic time interval between the approximate 2/3 filling time (diastole) to the 1/3 ejection time (systole). Both arrhythmias have a tendency to result in low cardiac index/outputs (hypodynamic). Consequently, low oxygen supply and demand results in the cell's metabolic requirements not being met, which can lead to complications of shock/sepsis. The effects of sepsis in causing inadequate oxygen supply to the myofibrils are associated with a pronounced catabolic response in skeletal muscle, which mainly reflects degradation of the myofibrillar proteins, actin and myosin. Some studies suggest that sepsis-induced muscle proteolysis may reflect ubiquitin-proteasome-dependent protein breakdown, whereas conflicting observations suggest that the ubiquitin-proteasome pathway does not degrade intact myofibrils. Thus, it is possible that actin and myosin need to be released from the myofibrils before they can be ubiquitinated and degraded by the proteasome [16] .
Of course, the effects of sustained pyrexia also indirectly affect myofibril metabolic synergism due to changes in pH and associated effects on the Krebs cycle, possibly involving respiratory acidosis or alkalosis; however, temperature does appear to affect the actions of actin and myosin in the sarcomeres of cardiac muscle [17] .
Optimization of blood flow centers around assessing preload in respect to monitoring the pressures, initially focusing on the mean right atrial or CVPs. We still tend to maintain high CVPs during fluid resuscitation therapy.
Published studies have not produced conclusive results as to whether or not there are relationships between CVP and pulmonary artery occlusion (wedge) pressures with preload. However, for many reasons, the scope of this topic is too large to discuss here.
Study Design
Following institutional ethical approval, 45 adult patients undergoing cardiac surgery [3] necessitating placement of a pulmonary artery catheter for standard monitoring gave written informed consent to participate in this study. After routine induction of anesthesia and insertion of an arterial line into radial or femoral arteries, a triple lumen central venous catheter and an Edwards Laboratories™ (Santa Ana, CA, USA) Swan-Ganz catheter were inserted. All these invasive lines were branched off to a bespoke, dedicated HME LifePulse 900 monitor (commissioned by Medics Limited, Harlow, UK) loaded with the continuous cardiac dynamic monitoring empirical physiological formulae. The thermodilution pulmonary artery catheter was placed via the right internal jugular vein. Both monitors gave the same readings after calibration for HR, CVP and blood pressures with blood temperatures.
This was a blind study in which the perfusionist revealed the pump cardiac index/output results after the investigator had declared the HeartSmart ® calculated cardiac index results. Hard copies of the pump and HeartSmart ® hemodynamic values were kept with the research notes. Cardiac index values were then compared at the start of cardiopulmonary bypass, during rewarming, and at the end of cardiopulmonary bypass.
The physiological parameters of blood temperature, blood pressure and CVPs, along with the revolution rate of the rollers in the pump, are available from the pump and monitors. It is these parameters that are used in the continuous cardiac dynamic monitoring empirical physiological formulae software known as HeartSmart ® . During bypass, the pump displays the number of revolutions, the temperature of the blood in ˚C, the right atrial pressure/ CVP, the mean arterial pressure and the flow rate equivalent to cardiac output/index delivered to the patient. The patient's height and weight are known prior to surgery and, represented as body surface area in m 2 , are used to compute flow rates and to convert cardiac output to cardiac index and vice versa.
The rollers in the pump have a tendency to damage formed elements of the blood and cells through its action of haemolysis. This is where whole-body hypothermia comes into play. Whole-body hypothermia reduces the tissue oxygen requirements, which, in turn, allows for less blood flow and, ultimately, fewer revolutions in the pump rollers. Another effect of hypothermia is to reduce metabolic activity within the tissues. The empirical physiological formulae can deal with low and high blood temperatures, CVP and arterial pressure, and varying HR.
The empirical physiological formula for estimating cardiac index in the software is: Ci = CVP·K·T/HR 
Results
A total of 32 adult patients were included for analysis in this part of the study, where flow rates from the pump delivered to the patient during corrective cardiac surgery were compared with estimated cardiac index values derived from HeartSmart ® . Each subject had to have eight sets of paired measurements of each hemodynamic variable (HR/revolution rate of the pump rollers, CVP [mmHg], systolic/diastolic pressures and mean arterial pressure [mmHg], temperature of the blood [˚C]) against the pump flow rates, i.e. cardiac index in l/min/m compared with the estimated cardiac index in l/min/m derived from the continuous cardiac dynamic monitoring empirical physiological formulae). A total of 256 full, valid, paired sets of the pump absolute cardiac output flow rates were divided by the patient's body surface area (m 2 ) and converted to cardiac index flow rates for comparison. Patients were excluded (n = 13) if we could not take eight sets of measurements, if they had complications that meant they had to go back on bypass, or if there were difficulties in coming off bypass. The eight sets of measurements from the 32 included patients provided a total of 256 sets of paired measurements ( Figure  2) .
The range of cardiac index values was −0.86 l/min/m 2 through to 1.05 l/min/m; the mean of the difference was 0.09 l/min/m 2 ; the range of mean CVP was 0.1 mmHg through to 12 mmHg; core blood temperature ranged from 22.0˚C to 37.4˚C; the mean arterial blood pressure ranged from 33 to 100 mmHg; and the range of revolu- We now analyze and compare these cardiac index estimations from the pump and empirical physiological formulae in greater detail.
A measurement cannot have closer agreement with another measurement than it does with itself, and it is useful to compare the limits of agreement with the repeatability coefficient, within which approximately 95% of differences between pairs of measurement by the same method will fall. In the present data, we have repeated measurements for both methods. The cardiac index does not change greatly over the period of measurement, so we can estimate the repeatability.
First, we check whether the differences between the pump and the empirical physiological formulae appear to be independent of the magnitude of the measurement. We do this by plotting difference against average of the two measurements (Figure 3 ). There appears to be a relationship between the difference and the average, such that the differences become more variable as the magnitude of cardiac index increases.
We can then try a logarithmic transformation of cardiac index (Figure 4 ). This appears much better, and so the logarithmic transformation will be used for the remaining calculations.
The estimated standard deviation of the differences was 0.2202 l/min/m 2 , and the mean difference was −0.0522 l/min/m 2 . As this mean difference is very close to zero, there is no evidence that there is a consistent bias between the empirical physiological formulae and the pump. The limits of agreement are −0.4837 to 0.3793 l/min/m 2 , and the range of antilogs of these limits is 0.62 l to 1.46 l/min/m 2 ( Figure 5) . Hence, we estimate that for 95% of pairs of measurements, the empirical physiological formulae estimates will be between 62% and 146% of the pump measurement.
We now turn to estimating repeatability with the pump. For log pump cardiac index, the within-subject standard deviation was 0.1457 l/min/m 2 . The repeatability coefficient was 0.4038 l/min/m 2 , which has an antilog of 1.45 l/min/m 2 , so that for 95% of pairs of pump measurements, the larger measurement will be less than 145% of the smaller. This is very similar to the limits of agreement. In this sample of measurements from the empirical physiological formulae, the standard deviation of log cardiac index was 0.1870 l/min/m 2 and the repeatability coefficient was 0.5184 l/min/m 2 , with an antilog of 1.68 l/min/m 2 . This is a little smaller than that found for the larger sample [18] . For pairs of cardiac index observa- , with an antilog of 1.68 l/min/m 2 . Therefore, the numbers are almost the same for the adjacent pairs of observations and for the full sample of measurements on the same subject. The statistical analysis of the main study [3] was reported within the results of 2720 paired sets of cardiac index measurements [4] , but did not include the paired sets of measurements from the current study.
Discussion
Our main result is that the cardiac index converted from the pump cardiac output rates is in good agreement with the cardiac index estimated by the empirical physiological formulae in HeartSmart ® software. As far as we are aware, the continuous cardiac dynamic monitoring empirical physiological formulae in the HeartSmart ® software represent the only bedside hemodynamic monitoring system that has been compared proactively in open heart surgery patients as they go on, undergo, and come off cardiopulmonary bypass.
We were able to record values simultaneously between the pump and the empirical physiological formulae throughout the time that the patient was on bypass, right through to the re-warming phase and coming off bypass. The cardiac index values from the pump and the empirical physiological formulae were consistently comparable throughout the time the patient was on the pump. The use of logarithmic transformation to provide a more reliable estimate of flow on the downward slope of the dye dilution method was developed by Hamilton (1939) in modifying the original Stewart dye dilution method (1897).
The main study used a well-validated method to compare these two measurement techniques [19, 20] : the 95% limits of agreement analysis assesses how closely two methods of measurement of a variable agree, and the means of the differences are an estimate of the average bias of the pulmonary artery catheter thermodilution method relative to that of the continuous cardiac dynamic monitoring method. The results showed good correlation between the two groups of variables; data collected before, during and after cardio-pulmonary bypass showed that the 95% limits of agreement and the mean bias were statistically sufficiently close across the full range of cardiac indexes observed, thus suggesting that the empirical physiological formulae would be equally comparable to the pulmonary artery catheter thermodilution method at estimating cardiac index. The same statistical method was used to compare the pump flow rates to the HeartSmart ® flow rates. These results support the role of the new inverse square rule of the heart in regulating cardiac index [3] using the box grid [5] of CVP versus HR 2 /Revs 2 . Small changes within a stable band of CVP/HR 2 will produce uniform increases or decreases in stroke volume index and cardiac index, provided that temperature remains constant.
The results from this study demonstrate the robust nature of the empirical formulae for deriving cardiac index at the bedside (Ci = CVP × K × T/HR 2 ). Conceivably, the empirical physiological formulae in the software could be used in place of, or in conjunction with, the thermodilution catheter for the estimation of cardiac output in a number of different situations. We believe the discovery of the empirical physiological formulae is the most recent advance in hemodynamic monitoring during the past four decades: the insight provided by this new inverse square rule of the heart for regulating cardiac index will help to advance our understanding of blood flow through the heart, as first described by Harvey in 1625.
There are few limitations in this study, apart from the fact that the pulmonary artery catheter thermodilution method cannot be compared directly with the cardiopulmonary bypass pump for comparison with the pump and HeartSmart ® results. HeartSmart ® allows for the introduction of early goaldirected therapy prior to major surgery for the group of patients at highest risk of death and complications [4] , and may also be useful in helping to measure the achievement of physiological targets for "goal-directed therapy in early sepsis", as recommended by Rivers et al. [21] . There are many potential economic and clinical benefits in implementing early goal-directed therapy in sepsis and septic shock patients [22] . This paper demonstrates that HeartSmart ® could be used reliably and quickly to assess sepsis and shock patients when admitted into Accident & Emergency Departments, removing the obstacle of delays in commencing fluid resuscitation therapy as quickly as possible.
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